Synthetic studies on bioactive compounds are described, involving phytotoxins (tobacco wildfire disease toxin tabtoxinine--lactam and rice blast disease toxin pyricuol) a glutarimide antibiotic (actiketal) black vomit toxin (gizzerosine) and marine products (antifeedant pteroenone and serinol compound didemniserinolipid).
The development of a novel pesticide or medicine requires fundamental bioorganic studies of its lead compound; namely structural elucidation, biosynthesis, biofunction, structure-activity relationship, etc. Synthetic studies of the compound itself and its analogs have played important roles in the clarification of these phenomena, especially when the natural product itself is unstable or supplies of it are limited. Conversion of natural products is generally essential as they are rarely optimized for practical (agricultural and pharmaceutical) use. The author has studied the synthesis of a variety of biologically active compounds of natural origin. As most biological functions and responses are sensitive to a slight structural difference of their signal compounds, the target compounds have been synthesized stereoselectively and in pure form. This short review describes recent developments of synthetic studies on bioactive compounds of agricultural interest.
I. Synthesis of Phytotoxins

Tabtoxinine--lactam, a tobacco wildfire disease toxin
In 1917, a bacterial leaf spot of tobacco was found within North Carolina, USA, and the disease was named ''wild fire'' because it spread rapidly. 1) Woolley et al. have isolated a phytotoxic compound, tabtoxin (A), from the phytopathogen, Pseudomonas tabaci.
2) However, this structure was later corrected to 1 by Stewart who used spectrometric methods.
3) Tabtoxin 1 was hydrolyzed by host plant aminopeptidases to give the true phytotoxin, 4) tabtoxinine--lactam (2), 5, 6) which causes chlorosis by irreversible inactivation of glutamine synthetase. 7) 2 has recently attracted considerable attention since the tabtoxin resistance gene (ttr) was cloned and a tabtoxin-resistant protein (TTR) characterized. 8) Thus, 2 would be a selective pesticide when developing transgenic crops resistant to 2.
Compound 2 is an amino acid with an unstablelactam ring which irreversibly reacts with the enzyme amino group. In addition, the -lactam ring possesses an unusual hydroxyl group at the -position, so that synthetic efforts had been made mainly for constructing this moiety. Baldwin et al. used the hetero Diels-Alder reaction to simultaneously make two relative stereocenters, and achieved the first synthesis of racemic 2 9) and optically active 1.
10) Dolle et al. have synthesized (À)-2 and (3 0 R)-2 from the (S)-lactate. 11) They separated diastereomeric intermediates by forming spirocyclic lactones. We have developed a new synthetic scheme for biological studies and further mass production. We chose (S)-L-serine as a starting material, and the carbon framework was elongated by metal-mediated coupling reactions. The radical coupling reaction of iodide 3 12) with stannyl methacrylate 4 gave ,-unsaturated ester 5.
13) Construction of a quaternary chiral center was achieved by using Sharpless aminohydroxylation (81% de), 14) although further conversion of the N-tosyl group of 6 failed. In addition, Sharpless asymmetric dihydroxylation (AD) 15) showed low diastereoselectivity (<38% de). We next prepared allylic silyl ether 7 by using a zinc-mediated coupling reaction. 16) In this case, Sharpless AD proceeded with good yield and selectivity to give 8b (85%, 95% de). The primary hydroxyl group of 8b was oxidized and converted to an N-benzyloxy amide group, and the TIPS group was removed to give 9. The newly formed primary hydroxyl group was mesylated, and the tertiary hydroxyl group was protected as a TBS ether, affording 10. S N 2-type -lactam formation 17) proceeded under alkaline conditions to give 11 and 12. Finally, deprotection of each compound gave (À)-2.
18)
The overall yield was 28% in 12 steps from 3. (3 0 R)-2 was also synthesized in a similar manner.
2. Pyricuol, a rice blast disease toxin Rice blast disease, which is caused by infection with the rice blast fungus, Magnaporthe grisea (imperfect stage of Pyricularia oryzae Cavara), is the most serious pest for rice. 19) To date, several salicylaldehyde-type pathogenic compounds have been isolated from the To whom correspondence should be addressed. Tel: +81-22-717-8785; Fax: +81-22-717-8783; E-mail: kiyota@biochem.tohoku.ac.jp Biosci. Biotechnol. Biochem., 70 (2), [317] [318] [319] [320] [321] [322] [323] [324] 2006 Review fungus such as pyriculol (13) 20) and pyriculariol (14) 21) whose stereostructures were determined by Sugiyama's earlier synthetic studies. 22) In 1998, Kim et al. isolated the new toxin, pyricuol (15) , 23) with a novel carbon framework, which induced typical symptoms of rice blast disease more strongly than 13 when applied to rice leaf blades. This type of phytotoxin could be a promising candidate for new pesticides. Determination of the stereochemistry was necessary for further biological studies, but was difficult for this kind of tertiary carbon by spectrometric methods, so we began its synthetic studies.
We first conducted a racemic synthesis to confirm the framework. Chain elongation of known aldehyde 16 25) The overall yield was 14% from 16. We evolved a new scheme for chiral synthesis because of the low yield and reproducibility of the partial reduction step. Aldehyde 16 was converted to vinyl stannyl compound 20. The Stille coupling reaction of 20 with Z-alkenyl iodide (R)-21, 26) derived from isopropyl (R)-lactate, afforded (R)-18. Conversion of (R)-18 to target (S)-15 followed a similar sequence to that for the racemate. The overall yield was 25% from 16. The sign for the optical rotation value of (S)-15 was reversed from that of natural compound. Thus, the absolute configuration of natural pyricuol was determined to be R.
27)
II. Synthesis of Actiketal, a Glutarimide Antibiotic
Actiketal (RK-441S, 22) is a unique benzofuran-type 28) as the asymmetric center is made up of a hemiacetal carbon. We first tried a semisynthesis of racemic 22 from 23 via actiphenol (24) . 29) However, all attempts to oxidize the -position to the keto carbonyl group of 23 failed. Consequently, we planned to make 22 by the elongation of known benzofuran 25.
30) A palladium-mediated oxidative coupling reaction 31) of 25 with dimethyl glutaconate (26) proceeded to give desired product 27 in a 57% yield. The double bond of the glutaconate residue was selectively hydrogenated, and the diester was transformed to glutarimide 28. and subsequent hydrolysis of the resulting osmate with aq. NaHSO 3 at 60 C gave an over-oxidized product, actiketal (22) . The overall yield was 8.3% in 7 steps. 34, 35) III. Synthesis of (S)-Gizzerosine, a Potent Inducer of Gizzard Erosion in Chicks ''Black vomit'' is a serious disease for chickens which is accompanied by gizzard erosion or ulceration. 36) In 1983, Naito et al. investigated the cause of this disease and isolated the amino acid, gizzerosine (29) , as a potent inducer of gizzard erosion, which was generated during the heat treatment of brown fish meal.
37) The structure and absolute stereochemistry of 29 was confirmed by Mori's synthesis. 38) We synthesized 29 to supply this important ulcerating agent for biologists, as well as to provide a standard for the quality control of fish meal.
We first targeted Mori's synthetic intermediate 30 38) which had been prepared from L-serine derivative 3 by using a zinc-mediated coupling reaction with allyl bromide 39) with subsequent hydroboration. We next evolved a new scheme to improve the overall yield and C (70%). f) dimethyl 1-diazo-2-oxopropylphosphonate, K 2 CO 3 , MeOH (98%). g) n-Bu 3 SnH, CuCN, n-BuLi, THF À76 C, then the alkyne, À37 C (67%). h) i. (R)-21, Pd 2 dba 3 , AsPh 3 , CuI, DMF, rt (78%). ii. TBAF, THF, rt, 2 h (94%).
steps. Chain elongation with 3-bromo-1-propenyl acetate 31 40) exclusively afforded S N 2 0 reaction product 32 in a 98% yield. The palladium-catalyzed reaction of 32 with 2 0 N-piperonylhistamine afforded 33 in a 71% yield, although histamine itself did not react. Deprotection of all the protecting groups proceeded by using Pd(OH) 2 /C in EtOH in a hydrogen atmosphere in a 47% yield. The overall yield was 33% from 3 in 3 steps (29% from L-serine in 7 steps). 41) IV. Synthesis of Marine Natural Products
(+)-Pteroenone, a defensive metabolite of the abducted antarctic pteropod Clione antarctica
The pteropod, Clione antarctica, is a shell-less, pelagic mollusc which blooms each austral summer in McMurdo Sound, Antarctica. A curious relationship is known between C. antarctica and antarctic hyperiid amphipod, Hyperiella dilatata, which is prey to several antarctic fish. Predatory fish do not eat the amphipod by grasping a pteropod on its dorsum, due to a feeding deterrent produced by the pteropod. [42] [43] [44] 44) We were interested in this curious phenomenon and synthesized 34 to clarify the structure-activity relationship and mode of action.
As shown in Scheme 5, the Evans anti-selective aldol reaction 45) of 35 with 36 gave 37. The chiral auxiliary was removed by transamidation to afford Weinreb amide 38, accompanied by undesired ring-opening compound 39. A variety of conditions were tried, but the formation of 39 could not be suppressed, and all attempts to convert 39 into 38 or 34 failed. Amide 38 was treated with excess n-PrMgBr without protecting the hydroxyl group to give desired compound 34, but only in a 10% yield. The hydroxyl group of 37 was then protected as a TES ether, and the chiral auxiliary was substituted by an ethylthio group to afford 40, which was transformed to ketone 41 in three steps. Finally, the TES group of 41 was removed under neutral conditions by mixing aq. HF and TBAF/THF 46) to afford (+)-34.
47)
The overall yield was 47%. Similarly, its diastereoisomer, (5R,6S)-34, was prepared from syn-aldol 2-epi-37.
48)
These results allowed us to make all four diastereoisomers, and to elucidate the curious ecological relationship and generality of this marine repellent.
2. Didemniserinolipid B, isolated from a tunicate Didemnum sp.
The structure of (+)-didemniserinolipid B, isolated from a marine tunicate Didemnum sp., was first reported as shown in Scheme 6 as possessing a novel serinol ether with a 6,8-dioxabicyclo[3.2.1]octane core. 49 Scheme 4. Synthesis of Gizzerosine. a) i. allyl bromide or 31, Zn, (CH 2 Br) 2 , TMSCl, DMF, 60 C, 50 min. ii. CuCN, LiCl, À78
enantioselective synthesis determined the absolute configuration and revised the proposed structure of 42 to be its sulfate, 43.
The absolute stereochemistry of the bicyclic core was presumed to be (8R,9R,10R,13S) by analogy with the related compound. The bicyclic fragment was prepared from known butanediacetal-protected aldehyde 44.
50)
Chain elongation with a lithiated alkyne gave aldehyde 45. On the other hand, both enantiomers of the serinol fragments were prepared from L-serine derivatives 46 as phosphonates 47. The Wittig-Horner reaction of (S)-47 with 45 afforded (4 00 S)-48, and this was converted to target compound (30R)-42. However, neither the 1 H-NMR data for this compound nor its (30S)-isomer coincided with that of the natural product. We assumed that the natural product was its 31-sulfate, because the chemical shift of the H-31 was downfield compared to those of (30R)-and (30S)-42. Although sulfation of the 31-position had failed under the usual conditions, we accomplished this step by developing a novel sulfation method assisted by microwave irradiation.
51) The overall yield was 1.1%. The structure of natural (+)-didemniserinolipid B was revised to that of the corresponding 31-O-sulfate (43) , and its absolute configuration was determined to be (8R,9R,10R,13S,30S).
52)
V. Conclusion
Recent advances in synthetic natural product chemistry have been reviewed. The target compounds themselves are useful in biological studies, and their stereocontrolled synthesis will assist the future development of new pesticidal and medicinal agents. Further synthetic modifications and biological studies using these compounds, as well as synthetic work on a variety of other biologically active compounds such as plant hormones, insect pheromones, and perfume are underway. Organic synthesis is well-suited to natural product research, as most natural products are made up entirely of carbon, hydrogen, oxygen and nitrogen atoms. Our research will continue into the use of organic synthesis as a tool to investigate the relationships mediated by natural products.
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